The rat partial optic nerve transection (PONT) model has been used for studying secondary degeneration of retinal ganglion cells (RGCs) in recent years. In this study, we carried out PONT of the temporal side of rat optic nerves, whereas PONT was carried out of the superior side in the previous publication. We found that this surgery is better and easier than the previous method and can produce a repeatable and reliable model. We detected significant changes in the polarization of microglia/ macrophages and the level of autophagy in optic nerves after PONT. We also used this model to detect the effects of the polysaccharides extracted from Lycium barbarum (LBP) on the survival of RGCs and the changes in the polarization of microglia/macrophages and the level of autophagy after PONT. We find that LBP can delay secondary degeneration of RGCs after temporal injury of optic nerves, promote the M2 polarization of microglia/macrophages, and down-regulate the level of autophagy after PONT. In conclusion, we find that the polarization of microglia/macrophages and the autophagy level change after PONT; LBP treatment delays secondary degeneration of RGCs; and the polarization of microglia/macrophages and the level of autophagy are also altered after LBP treatment.
Introduction

Glaucoma and Partial Optic Nerve Transection Model
In terms of patient numbers, glaucoma ranks just below cataract as one of the leading causes of blindness in the world 1 . Glaucoma is also less readily treatable than cataract. Recent research has highlighted that glaucoma patient number in China will reach 6 million, accounting for 7% of the total glaucoma patients in the world, by 2020 1 . One main pathological feature of glaucoma is the gradual degeneration of retinal ganglion cells (RGCs) 2 . Clinical studies have shown that even after reducing the intraocular pressure via surgery, the vision of some patients continues to deteriorate 3 . Therefore, secondary injury of RGCs is believed to exist in glaucoma 4 . The partial optic nerve transection (PONT) model is a new method for studying glaucoma and was established in the first decade of this century. Compared with the complete optic nerve transection model and optic nerve crush model, in both of which all the axons are damaged simultaneously, the merit of the PONT model is that instead of damaging all the axons inside the optic nerves, the transection damages only a portion of the axons. This model, therefore, can separate primary injury (the death of RGC bodies whose axons having been cut off) from secondary injury (the death of RGC bodies whose axons are intact).
Many studies have used this model [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In these previous studies, PONT in rats was administrated from the superior side of optic nerves; however, in this study we cut the optic nerves from the temporal side and found that this operation was much easier to conduct than from the superior side due to the lack of obstruction from rectus superior and obliquus superior eye muscles (Fig. 1A) .
Mechanisms of RGC Death in Glaucoma
RGC death mechanisms are very complicated in glaucoma, and include: activation of microglia/macrophages [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , autophagy [23] [24] [25] , calcium regulation disorder [26] [27] [28] , apoptosis 8, 29, 30 , oxidative stress 4, 10, 26 , expression of pro-apoptosis proteins [31] [32] [33] , and neurotropic deprivation 34 . All of these mechanisms have been studied extensively in order to find ways to delay the death of RGCs and stop the progression of glaucoma. In this study, we focused on the changes of microglia/macrophages and autophagy after PONT.
Macrophages are distributed throughout the body and are called microglia in the central nervous system 35, 36 . We used the term "microglia/macrophages" in this study rather than "microglia" or "macrophages" because we could not confirm whether activated cells originated from microglia only or also originated from macrophages in the blood, since the sheath of the optic nerves was broken and some blood cells might enter the optic nerve after PONT. Microglia/macrophages are active in glaucoma 14 . In recent years diverse terms have been used to describe microglia/macrophage activation and "polarization" means a status where a stimulus such as cytokines induces distinct patterns of gene and protein expression. Based on gene and protein expression and function, activated microglia/macrophages are divided into two extremes of status: M1 type that aggravates tissue damage, and M2 type that promotes tissue repair and cell proliferation 37, 38 . M1-type cells express pro-inflammatory cytokines including inducible nitric oxide synthase (iNOS) to eliminate pathogenic microorganisms, to inhibit cell proliferation, and to induce tissue damage. On the other hand, M2-type microglia/macrophages express anti-inflammatory factors such as Arginase-1 to down-regulate inflammation, to promote angiogenesis, and to participate in tissue remodeling and repair [37] [38] [39] [40] . Therefore, we used the expression levels of iNOS and Arginase-1 as indicators of the numbers of activated M1 and M2 types of microglia/macrophages in this study.
Autophagy, a metabolic process of intracellular material degradation, is widely present in eukaryotic cells 41 . When subjected to external stimuli (starvation, cessation of growth factors, hypoxia, or accumulation of protein aggregates), cells respond immediately to remove damaged and malfunctioning proteins and organelles to maintain survival via autophagy 42 . LC3-II is the lapidated form of LC3 and its amount increases after autophagy. Therefore, the amount of LC3-II on a Western blot is commonly used as an indicator of autophagy level. Kim et al. reported elevated levels of LC3-II in the retina after optic nerve transection in rats 24 . After optic nerve crush, the number of LC3-positive vacuolar structures (autophagosomes) increased in RGCs 25 . The increase in the number of autophagosomes and in LC3-II expression was found in RGCs in rats with chronic ocular hypertension induced by scleral vein cauterization 43 . However, the activation of autophagy indicated by LC3-II level after PONT has not been studied before.
The Effects of Lycium barbarum on RGCs, Microglia/ Macrophages and Autophagy Lycium barbarum is a Solanaceous defoliated shrub and widely distributed in northwestern China, which has arid and semi-arid regions. This plant is also distributed in southeastern Europe and Mediterranean areas. Lycium barbarum has a sweet small fruit, which is called a wolfberry or goji berry. The fruit has been used as a vital component in traditional Chinese medicine and as a food supplement for a long time, and is believed to have beneficial effects on the liver and eyes. The usage of Lycium barbarum in daily life has also been accepted outside China, including in North America, Europe, Oceania, and Southeast Asia 44 . In order to test the Chinese traditional theory regarding wolfberry, we have tried to obtain experimental data in the laboratory using modern technology. The polysaccharides extracted from Lycium barbarum (LBP) are used in the present study. LBP are a water-soluble powder. Our studies have shown that LBP modulate retinal crystallin expression and activity of microglia in the chronic ocular hypertension model and in the PONT model to delay the degeneration of RGCs [45] [46] [47] . The data from our colleagues have shown that LBP modulate the autophagy level to exert protective effects both in a rat non-alcoholic fatty liver disease model 48 and in an in vitro microglial (BV-2 cell line) culture model 49 . These results show that LBP modulate the function of microglia/macrophages and autophagy. However, whether LBP take part in the polarization of microglia/macrophages and their role on autophagy in glaucoma in vivo had not been studied. In this study, we will focus on these two aspects of LBP.
Materials and Methods
This study was approved by the Animal Protection and Use Committee of Jinan University in Guangzhou, China.
Animals and Procedures
Adult female Sprague Dawley (SD) rats (9-10 weeks of age, weighing 220-240 g, provided by Guangdong Provincial Medical Laboratory Animal Center, Guangdong, China) were used in the study. All animals were housed in a temperature-controlled room subjected to a 12-hour light/ 12-hour dark cycle and were supplied with food and water ad libitum. All experimental protocols were approved by the Animal Protection and Use Committee of Jinan University. All efforts were taken to minimize the number of animals used and their suffering.
For the surgery and sacrifice, all rats were anesthetized with 10% Chloral hydrate (0.38 ml/100 g for surgery and 0.5 ml/100 g for sacrifice).
A total of 72 rats were used in our experiments: 6 rats were used for DiI labeling; 18 rats for detecting microglia/ macrophage activation and autophagy alteration after PONT; and 48 for detecting the effects of LBP on RGC survival, microglia/macrophage activation and autophagy alteration after PONT. To further clarify the usage of animals, for detecting microglia/macrophage activation and autophagy alteration after PONT (total 18 rats), there were three groups: normal, 1-week PONT, and 4-week PONT groups (6 rats in each group; the time line is listed in Fig.  2A ). For estimating the effects of Lyicum barbarum, a total of 48 rats was used (the time line is listed in 
Treatment with LBP
LBP were extracted by Shanghai Institute of Material Medica as previously described 47, 50 . Briefly, the aqueous extract of dried fruits of Lycium barbarum (Ningxia, China) was prepared sequentially by decoloration and delipidation in alcohol, and boiling in distilled water. The extract was then freeze-dried into powder for storage.
The LBP were stored in a dry-box and freshly dissolved in 0.01 mol/L phosphate-buffered saline (PBS; 0.01 M, pH 7.4) before use. The related studies had reported that 1 mg/kg for each rat had a neuroprotective effect for RGCs both in the chronic ocular hypertension model and the PONT model 4, 47 . Therefore, we used the dosage of 1 mg/kg LBP in this study. The control group received PBS only. The treatment (LBP or PBS) began 1 week before surgery (PONT) until sacrifice at the scheduled time-points. The treatment was achieved by gavage feeding with needle once daily.
PONT Surgery
The PONT model used in previous studies (cut in the dorsal parts of the optic nerves) 4, 12, 51 is different from the model used in this experiment (Fig. 1A) . In this experiment, the right optic nerve was transected partially in the temporal part (1.5 mm from the optic disc). The surgery was undertaken using a diamond radial keratotomy knife (G-31480, Geuder AG, Hertzstrasse, Heidelberg, Germany) with the blade fixed to a length of 150 mm. The depth of the cut was determined by the protrusion of the blade beyond a surrounding precision-calibrated guard, allowing precise and reproducible injury. The reason for cutting the optic nerve from the temporal part is that the procedure is easy to carry out and avoids damaging surrounding structures. In addition, the position of the cut site can be localized more precisely because there is a blood vessel just below the optic nerve of SD rats across the posterior external surface of the entire eyeball (Fig. 1A) .
Retrograde DiI Tracing in vivo After PONT
The method has been published previously 4, 15 . Briefly, the optic nerve was partially cut from the temporal side and several crystals of DiI (Molecular Probes, Eugene, OR, USA) were placed precisely into the cut site to label the RGC bodies in the retinas whose axons were transected. Therefore, DiI labeled only the RGCs that would die from primary degeneration (Fig. 1A) . The rats were sacrificed 4 days after DiI labeling. The retinas were processed as flat-mounts for RGC counting.
Retrograde Fluoro-Gold Tracing in vivo after PONT For Fluoro-Gold (FG) labeling, 2 days before sacrifice, rats received a complete optic nerve transection (CONT) in the right optic nerves approximately 0.5 mm away from the optic disc without damaging blood vessels. A gelatin sponge soaked with 6% FG (Invitrogen, Carlsbad, CA, USA) was placed proximal to the transected optic nerve stump.
Quantification of RGCs
After sacrifice, retinas were collected and post-fixed in 4% paraformaldehyde (PFA) for 60 min. Then flat-mounted retinas were prepared for RGC counting. Retinas were divided into temporal and nasal halves and both halves were separated into three roughly equal sectors. Six to nine photographs (200 Â 200 mm 2 ) in each sector were captured along the median line, starting from the optic disc to the edge at 500 mm intervals under 400Â magnification 4 . Surviving RGCs were counted separately in temporal and nasal retinas because the degeneration speeds were different in temporal and nasal retinas after PONT. The counting of both DiI and FG-labeled cells was conducted using a double-blind method by two persons, and the data were averaged (numbers per mm 2 , mean + standard error of the mean (SEM)).
Western Blot Analysis
All the Western blot analysis in this study was done with optic nerve samples but not retinas. To detect the changes of microglia/macrophages after PONT, the levels of CD68, iNOS, and Arginase-1 were measured with western blotting analysis. The rats were sacrificed at scheduled time-points with 10% Chloral hydrate and optic nerves collected in cold PBS on ice. The optic nerves were then homogenized in RIPA lysis buffer supplemented with 1% protease inhibitor cocktail and 1% phosphatase inhibitor cocktail. The tissues were broken up with an ultra-sonication machine and placed in tubes in ice for 30 min. After centrifugation with a speed of 14,000 rpm for 10 min, the supernatants were collected and kept at -80 C. Before SDS-polyacrylamide gel electrophoresis, the concentration of protein in the supernatant was detected using Beyotime BCA protein assay kit. According to the property of different antibodies, different aliquots of proteins from each individual sample were used for Western blot analysis. After proteins were transferred onto polyvinylidene difluoride (PVDF) membranes, the membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween 20 (TBST) for 2 h. Incubation with anti-actin (1:5000, 12620, rabbit monoclonal, Cell Signaling, Beverly, MA, USA), anti-CD68 (1:1000, MCA341GA, mouse monoclonal, AbD Serotec, Hercules, CA, USA), antiiNOS (1:1000, ab15323, rabbit monoclonal, Abcam, Cambridge, UK), anti-Arginase-1 (1:1000, ab91279, rabbit monoclonal, Abcam) and anti-LC3 A/B (1:5000,12741, rabbit monoclonal, Cell Signaling) antibodies in TBST were performed overnight at 4 C. After washing with TBST 6 times for 10 min each time, membranes were incubated with Horseradish Peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) with the dilution of 1:5000 for CD68 and 1:8000 for other antibodies in TBST for 2 h at room temperature. The enhanced chemiluminescence (ECL) method was used for the detection of immunoreactive proteins. The images were acquired by Bio-Rad ChemiDoc Touch imaging system and densitometric analysis of the bands of proteins was achieved by Image J software. The densitometric values obtained from different target proteins were normalized with respect to beta-actin loading controls in the same blot to obtain the final ratios. All experiments for Western blot analysis were performed with 6 animals in each group and both optic nerves from each animal were collected as one individual sample.
Statistical Analysis
All comparisons were between two groups (student's t-test). All data were expressed as the mean + SEM. The level of p¼0.05 was considered to be statistically significant.
Results
DiI Labeled More RGC bodies in the Temporal Retinas than in the Nasal Retinas
DiI labeled the cell bodies of RGCs whose axons were transected after PONT and which would be expected to die from primary degeneration. The densities of DiI labeled RGCs were 170 + 49 RGCs/mm 2 and 35 + 17 RGCs/mm 2 in the temporal and nasal retinas, respectively. The difference was significant (Fig. 1B, p<0 .05, Student's pair t-test) and the ratio was about 4.9:1 between temporal and nasal retinas. These findings indicated that RGCs in both temporal and nasal retinas were vulnerable to primary degeneration after PONT; however, primary degeneration of RGCs mainly occurred in the temporal retinas.
Changes of Microglia/Macrophages and Autophagy after PONT
Cluster of differentiation 68 (CD68) is a protein highly expressed by microglia/macrophages after activation 52, 53 . Therefore, the anti-CD68 antibody was used to detect the change of microglia/macrophages in this study. Using western blotting analysis, the results showed that the expression of CD68 increased significantly 1 week after PONT, but not 4 weeks after PONT compared with the normal group (Fig. 3A) . The effect of PONT on M1 and M2 polarization of microglia/macrophages was evaluated by the expression levels of iNOS and Arginase-1, respectively. More microglia/ macrophages were polarized to both M1 and M2 directions 1 week after PONT, but went back to normal 4 weeks after PONT (Fig. 3B) . In this study, the effect of PONT on autophagy was evaluated based on changes in LC3 II expression. The expression level of LC3 II was higher in rats 1 week after PONT and went back to normal 4 weeks after PONT (Fig. 3C) .
Effects of LBP on Survival of RGCs after PONT
LBP had no effects on the survival of RGCs in the temporal retinas either 1 week or 4 weeks after PONT (Fig. 4A-E 2 ). In the nasal retinas, LBP delayed the degeneration of RGCs 4 weeks after the PONT but not 1 week after PONT (Fig. 4A, 4F-I 
Effects of LBP on Changes of Microglia/Macrophages and Autophagy after PONT
Using Western blot analysis to detect the expression levels of CD68, the results showed that the expression level of Fig. 3 . Examination of the changes in microglia/macrophages and autophagy in optic nerves after PONT. (A) Effects of PONT on the activation of microglia/macrophages. Western blot analysis shows that the expression level of CD68 increases significantly 1 week after PONT in the injured optic nerves (student t-test, ***p < 0.001), but there was no significant difference between optic nerves from rats 4 weeks after PONT and that of normal retinas (student t-test, p > 0.05). (B) Effects of PONT on the polarization of microglia/macrophages. The expression levels of iNOS and Arginase-1 increase significantly 1 week after PONT (Student t-test, **p < 0.01); but not 4 weeks after PONT (Student t-test, p > 0.05). (C) Activation of autophagy after PONT. The LC3 II expression increased significantly 1 week after PONT (Student t-test, *p < 0.05); but not 4 weeks after PONT (Student t-test, p > 0.05). (mean + SEM; NS: not significant; n ¼ 6 in each group for Western blot analysis, two optic nerves in one sample.). CD68 in the 1-week LBP group was higher than in the 1-week PBS group (Fig. 5A) . For M1/M2 polarization examination, LBP could increase the Arginase-1 expression rather than the expression of iNOS (Fig. 5B ). In addition, LBP could reduce the expression of LC3 II 1 week after PONT (Fig. 5C ).
Discussion
The PONT model was established using monkeys in 2001 by Levkovitch-Verbin et al. 6, 54 . It was a good model for separating primary degeneration from secondary degeneration of RGCs. In this study, we did partial injury from the temporal side of optic nerves, rather than from the superior parts as in previous studies. PONT was more accurate and convenient when performed from the temporal side because exposure of the optic nerves was much easier due to the lack of obstruction of the rectus superior and obliquus superior eye muscles. DiI labeling showed the densities of RGCs were 170 + 49 RGCs/mm 2 and 35 + 17 RGCs/mm 2 in the temporal and nasal retinas, respectively; the ratio was about 4.9:1. In a previous study optic nerves were cut from the superior side and DiI labeled 461+53 RGCs/mm 2 in the superior retinas and 191+49 RGCs/mm 2 in the inferior retinas, respectively; the ratio was about 2.4:1 4 . This meant that cutting from the temporal side of optic nerves led to less primary degeneration in the nasal retinas. Therefore, the method used in this study was more suitable for detecting secondary degeneration of RGCs. Our results also showed that LBP could delay the death of RGCs on the nasal retinas where most secondary injury occurred 4 weeks after PONT; this result was consistent with the finding of the previous study that LBP mainly delayed secondary degeneration 4, 7 . LBP may regulate the function of microglia/macrophages both in a chronic ocular hypertension model and a PONT model 45, 5 . It is known that activated microglia/macrophages can be divided into pro-inflammatory M1 and pro-tissuerepair M2 types. In this study, we used Western blot analysis to detect changes in the expression levels of CD68, which indicates the activation of microglia/macrophages. We also detected changes of iNOS, which is expressed by M1-type microglia/macrophages; and Arginase-1, which is expressed by M2-type microglia/macrophages. Our results show that the expression levels of CD68, iNOS, and Arginase-1 increased 1 week after PONT. The increase of M1-type microglia/macrophages might contribute to the death of RGCs; on the other hand, the increase of M2-type microglia/macrophages might be neuroprotective for RGCs. We found that LBP increased the number of total activated microglia/macrophages and M2-type microglia/macrophages 1 week after PONT; this result indicates that LBP might modulate the activity of microglia/macrophages and promote the M2 polarization to delay the degeneration of RGCs. There are conflicting opinions about the influence of activation of microglia/macrophages in the nervous system. Some believe that this influence could contribute to cell death 22 and others think it could be neuroprotective 16, 37, 38, 55 . In this study we find more M2-type microglia/macrophages are present in the optic nerve together with less RGC death. In one previous study using the PONT model, LBP has been shown to decrease the activation of Iba-1-positive microglia/ macrophages 4 weeks after PONT 5 . Why did LBP exert different effects in the same model? Firstly, the timepoints detected are different: it was 4 weeks after PONT in the previous study and 1 week in this study. In the previous study the activated extent of microglia/macrophages was much lower 4 weeks after PONT than 1 week after PONT; therefore, the status of cell activation should be different and LBP had various effects on the cells. Secondly, CD68 was used in this study and Iba-1 was used in the previous study. These two different antibodies may not label exactly the same number or category of microglia/ macrophages because not all CD68 positive cells are positive for Iba-1, a point that has been shown in different studies 11 . In addition, we found that LC3 II expression was significantly elevated 1 week after PONT. This result is consistent with other studies using the optic nerve compression model 14 , NMDA-induced neurotoxic retinal injury model [18] [19] [20] , and a chronic ocular hypertension model in which the level of autophagy increased after injury 43 . Inhibition of autophagy with 3-methyladenine (3-MA) reduced the death of RGCs in a rat model of chronic elevated intraocular pressure 43 . Therefore, it is believed that activation of autophagy can lead to the death of RGCs 43 . However, there is also a lot of evidence showing that autophagy is neuroprotective for RGCs 24, 25, 43 . In this study, we have shown that the level of autophagy decreased 1 week after PONT after LBP treatment. However, we cannot conclude that LBP decreases autophagy as we cannot exclude the possibility that the decrease is a result of less RGC death after LBP treatment. We will inhibit or increase autophagy levels to see their effect on RGC survival after PONT in future experiments.
We have shown that LBP may decrease secondary RGC death 4 weeks after PONT but not 1 week after PONT. Why, then, does it take 4 weeks rather than 1 week for LBP to exert the neuroprotective effect for RGCs? The possible explanation is as follows: firstly, the extent of secondary cell loss of RGCs is not big enough to exhibit a significant difference between the PBS group and LBP group; alternatively, the effect of Chinese herbal medicine is mild and needs a longer time period, more than 1 week, for LBP to exert its neuroprotective effect for RGCs. Because LBP is a compound and contains various monomers, in future experiments we will detect which kind of monomer contributes to the neuroprotective effect of LBP. Following this, we may start to cooperate with pharmaceutical manufacturers to produce eye drops and an ointment which can be administrated to humans in order to preserve RGCs.
Based on these results, we conclude that cutting from the temporal side of optic nerves to conduct the PONT model is more suitable for the study of secondary degeneration of RGCs, and LBP can delay secondary degeneration of RGCs 4 weeks after PONT. In addition, increased polarization of microglia/macrophages to both M1 and M2 directions and increased autophagy were observed after PONT. Lastly, more M2-type polarization and a lower autophagy level were observed after LBP treatment, although their direct relationship with RGC survival will require further investigation.
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